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Abstract
Volcanologists frequently use grain size distributions (GSDs) in tephra layers to infer eruption parameters. However, for 
long-past eruptions, the accuracy of the reconstruction depends upon the correspondence between the initial tephra deposit 
and preserved tephra layer on which inferences are based. We ask: how closely does the GSD of a decades-old tephra layer 
resemble the deposit from which it originated? We addressed this question with a study of the tephra layer produced by the 
eruption of Mount St Helens, USA, in May 1980. We compared grain size distributions from the fresh, undisturbed tephra 
with grain size measurements from the surviving tephra layer. We found that the overall grain size characteristics of the 
tephra layer were similar to the original deposit, and that distinctive features identified by earlier authors had been preserved. 
However, detailed analysis of our samples showed qualitative differences, specifically a loss of fine material (which we attrib-
uted to ‘winnowing’). Understanding how tephra deposits are transformed over time is critical to efforts to reconstruct past 
eruptions, but inherently difficult to study. We propose long-term, tephra application experiments as a potential way forward.
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Introduction
The grain size characteristics of tephra deposits are influ-
enced by volcanogenic processes and atmospheric condi-
tions during eruptions (Bonadonna et al. 2015; Bonadonna 
and Houghton 2005; Carey and Sparks 1986; Pyle 1989). 
Grain size distributions at a single location provide infor-
mation on fragmentation mechanisms, eruption dynamics 
and sedimentation processes (airfall vs pyroclastic density 
currents, wind and/or column height changes, ash aggre-
gation, etc.) Thus, eruptions for which there are no con-
temporary observations can be reconstructed from tephra 
layers preserved in the sedimentary record. The accuracy 
of these reconstructions is influenced by taphonomy: sound 
inferences can only come from tephra layers that record the 
initial deposit faithfully. Usually, it is assumed that grain 
size distributions (GSDs) in tephra layers are representa-
tive of the original deposit, but this is not necessarily the 
case. For example, in terrestrial settings, tephra deposits may 
be reworked by wind, surface runoff and slope processes, 
sometimes for a period of years or even decades (e.g. Liu 
et al. 2014; Panebianco et al. 2017; Wilson et al. 2011). 
Sub-aerial deposits could also be weathered (e.g. by frost 
action) or trampled by grazing animals. Geochemical altera-
tion of the buried tephra layer could continue indefinitely. 
However, despite these observations, temporal changes in 
tephra GSD are not well understood (Buckland et al. 2020; 
Dugmore et al. 2020). We addressed this knowledge gap by 
comparing recent measurements of tephra grain size with 
similar measurements made decades earlier, shortly after 
the tephra was deposited. In this way, we aimed to calibrate 
decadal-scale changes in GSD experienced by a terrestrial 
tephra deposit. We anticipated systematic changes in the 
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GSD due to ‘winnowing’ of the deposit, i.e. the loss of the 
finest particle size fraction due to aeolian erosion.
We conducted our study on the tephra layer produced 
by the eruption of Mount St Helens, Washington State, 
on 18 May 1980 (MSH1980 hereafter). The eruption pro-
duced ~ 0.2  km3 of tephra (dense rock equivalent: Nathenson 
2017) in two distinct phases: (1) an initial lateral blast that 
resulted in a co-ignimbrite plume (Eychenne et al. 2015; 
Hoblitt 2000; Hoblitt et al. 1981) and (2) a Plinian plume 
(Carey and Sigurdsson 1985; Eychenne et al. 2015; Sarna-
Wojcicki et al. 1981). These phases led to the formation of 
distinct stratigraphic units in proximal deposits, most nota-
bly a grey, silty, basal unit associated with the lateral blast 
and a coarser, pumice- and lithics-rich unit formed from air-
fall deposits produced during the main, Plinian phase of the 
eruption (designated units A and B, respectively, by Waitt 
and Dzurisin (1981)). These units—which were treated as 
a single deposit in contemporary estimations of grain size 
distribution—were not observed in distal deposits, which 
were uniformly fine.
The MSH1980 tephra layer was particularly suited to 
a study of this type because the US Geological Survey 
(USGS) surveyed it within 2–3 days of the eruption, before 
it had been reworked (Sarna-Wojcicki et al. 1981). Carey and 
Sigurdsson (1982) also surveyed GSDs 2 months after the 
event. Samples collected by the USGS during the 1980 sur-
vey were used by Durant et al. (2009) to establish the GSDs 
of the fresh tephra deposit. In addition to some broadly pre-
dictable features (e.g. a decrease in mean particle size with 
distance from the vent), Carey and Sigurdsson (1982) and 
Durant et al. (2009) identified several distinctive character-
istics in the GSDs:
a) The proportion of fine (< 62 μm) tephra was unusually 
high.
b) Fine grains fell from the Plinian umbrella cloud more 
rapidly than expected (attributed to ash aggregation and 
atmospheric processes: Carey and Sigurdsson 1982).
c) The GSDs exhibited marked bimodality in loca-
tions < 130 km from the vent (Fig. 1). This characteristic 
became less pronounced with distance: GSDs > 300 km 
from Mount St Helens were unimodal, with a slight 
negative skew.
Eychenne et al. (2015) subsequently analysed the bio-
modality of the MSH1980 tephra deposit in more detail, 
Fig. 1  The grain size distribu-
tions (GSDs) of the MSH1980 
tephra shortly after its deposi-
tion (after Carey and Sigurds-
son 1982; Durant et al. 2009; 
Eychenne et al. 2015). Panel 
a shows the original sampling 
locations (open circles and 
diamonds) within 600 km of 
the vent, as well as isopachs 
(orange lines, with thickness 
in mm, after Sarna-Wojcicki 
et al. 1981). Our recent (2015) 
sampling locations are shown 
with red, filled circles. Original 
(1980) grain size distributions 
from representative proximal 
(b) and distal (c) sampling loca-
tions are shown for reference 
(refer to key for data sources). 
Locations ~ 200 km from the 
vent and to the south of the 
main plume axis displayed 
marked bimodality in GSD 
(DZ20-3, DZ20-21). Proximal 
locations to the north of the 
plume (e.g. DZ20-32) had a 
more normal distribution, as did 
locations in a region of second-
ary thickening ~ 300–450 km 
from the vent (e.g. Davis 11)
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deconvoluting the tephra deposit into a coarse subpopulation 
that declined in size with distance from the vent, and a fine 
(~ 15 μm) subpopulation associated with the co-ignimbrite 
plume. They also found that bimodal GSDs were observed 
on the southern margin of the tephra deposit; to the north, 
the coarse fraction of the GSD was less pronounced and the 
GSDs were skewed unimodal (Fig. 1). They attributed these 
patterns to the complex eruption dynamics and meteorologi-
cal conditions (cross winds).
Our previous study of the MSH1980 tephra layer indi-
cated that its thickness was remarkably similar to the initial 
deposit (Cutler et al. 2018). We analysed samples from the 
same locations to see if GSDs were similarly representative, 
concentrating on ‘proximal’ sites (~ 40 km from Mount St 
Helens) and ‘distal’ locations ~ 300 km from the vent, in a 
region of secondary thickening in the tephra deposit (Sarna-
Wojcicki et al. 1981). Given that the thickness of the tephra 
layer was similar to the initial deposit in these locations, we 
expected to observe broadly the same patterns in grain size 
as Durant et al. (2009) and Eychenne et al. (2015). However, 
we anticipated a reduced proportion of fine material due to 
‘winnowing’, i.e. the aeolian erosion of the finest fractions 
of the deposit. This effect would change the overall GSD, 
reducing negative skew and increasing the relative impor-
tance of the remaining coarse fraction (Fig. 2). We expected 
that winnowing would be most pronounced in the eastern 
parts of Washington State, as the tephra falling here was 
mostly fine in texture. Furthermore, this region has an arid, 
windy climate which would be expected to promote the loss 
of fine material (in the absence of secondary deposition of 
remobilised tephra).
Methods
We collected samples from the MSH1980 tephra layer in August 
2015. Our sampling was conducted in two regions: (1) proximal 
locations in the Gifford Pinchot National Forest (GPNF, ~ 40 km 
from Mount St Helens), and (2) distal locations around Ritz-
ville (~ 300 km from the vent). The tephra layer in the proximal 
locations was covered by a litter layer a few centimetres thick. 
The distal sites were characterised by the presence of a biologi-
cal soil crust (biocrust) of mosses and lichens 6–20 mm thick 
(further details of the sampling locations are given in Cutler 
et al. (2018)). We collected tephra from 13 locations (Fig. 1), 
taking three sub-samples from each location (39 samples in 
total). In each location, the samples were taken from areas of 
similar vegetation cover a few metres apart. In each case, we cut 
a 25 × 25 cm square section into the soil with a carving knife, 
removed the overlying organic layer (proximal sites) or biologi-
cal soil crust (distal sites) and excised the tephra layer, storing 
the excavated material in ziplock bags. We retained the biocrust 
from two distal sites for grain size analysis.
Durant et al. (2009) used laser diffraction particle size anal-
ysis (LDPSA) to establish GSDs (Malvern Mastersizer 2000, 
Malvern Panalytical, Malvern, UK). They measured grain 
size (the average of three repeat measurements) in the range 
0.1–2000 μm and presented their results on a Krumbein (Φ) 
scale with 0.5 Φ bins. We also used LDPSA (Beckman Coulter 
LS230, Beckman Coulter, Brea, CA), based on a Fraunhofer 
diffraction model and measuring particles in the size range 
0.375–2000 μm. Following Carey and Sigurdsson (1982), we 
treated the tephra as a single unit. Three sub-samples were 
taken from each homogenised sample (i.e. our reported results 
are means of nine separate runs). We added 20 mL of deion-
ised water and 5 mL of 5% sodium hexametaphosphate to 
each sub-sample and shook vigorously to suspend the tephra. 
Approximately 5 mL of suspended tephra was extracted with 
a pipette and placed on a glass dish. The sample was then 
rinsed into the particle size analyser dispersion unit through 
a 2-mm sieve with deionised water until an obscuration value 
of 8–12% was recorded. The measurement duration was 30 s. 
Our results were reported in microns, but we selected bin sizes 
that corresponded to the phi scale used by Durant et al. (2009), 
for comparability. To account for site-to-site variability, we 
calculated average GSDs for proximal and distal locations, 
weighting the calculations by layer thickness.
Results
Our results showed that mean grain sizes in the tephra layer 
were similar to those observed in 1980. The shape of the 
GSDs in the tephra layer also resembled the fresh (1980) 
deposit, although with differences in detail.
Fig. 2  Expected changes in grain size distribution over time. We 
anticipated a loss of the finest fraction of the deposit (‘winnowing’) in 
the absence of secondary deposition, and a corresponding increase in 
the proportion of the remaining coarse material
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The mean grain sizes we recorded were broadly consist-
ent with those in the fresh (1980) deposit, particularly in the 
distal locations, although the recent proximal samples were 
somewhat coarser (Fig. 3). Intra-site variation in mean grain 
size was low; i.e. repeat measurements in the same sam-
pling location were similar. Recent mean grain size in the 
proximal locations varied from 418 ± 25 μm to 919 ± 72 μm, 
even though the distance to the vent was similar (39–46 km). 
Recent mean grain size at distal locations was much less 
variable (~ 28 μm).
As with mean grain size, the GSDs we observed did 
not vary much within sampling locations (i.e. sub-samples 
from each location were similar). The bimodal distribu-
tion observed by previous researchers was apparent in our 
proximal samples (Supp. Figure 1). The major peak in our 
samples occurred at a slightly coarser scale (~ 0 Φ) and 
was less pronounced than the equivalent peak from a previ-
ous study (Carey and Sigurdsson 1982) (Fig. 4). A second-
ary peak at finer grades (~ 5 Φ), similar to that observed 
by Carey and Sigurdsson (1982) and other researchers, 
was present in our samples. Proximal locations to the 
south of the main plume axis (GP08, -09, -11, and -12) 
had a significantly higher proportion of sand-sized grains 
(diameter < 4 Φ) than those to the north (GP14-16, -18) 
(proportions 86.8 ± 1.4% vs 77.4 ± 1.3%, respectively; t 
test: t = 5, p = 0.003). There was also a trend of decreas-
ing mean grain size from south to north (Supp. Figure 2).
The tephra layer from the distal sites was dominated by 
fine-grained material (silt or finer, i.e. ≥ 4 Φ). Our samples 
exhibited a unimodal distribution with a negative skew 
(Fig.  5d). The peak in the recent GSD was somewhat 
coarser than that observed in the 1980 samples (~ 5 Φ). 
The finer end of the 1980 and 2015 GSDs (> ~ 6 Φ) from 
the distal sites was similar; however, the skew towards 
coarser particles was more pronounced (Fig. 5).
Discussion
The MSH1980 tephra layer has largely retained the grain 
size characteristics of the fresh (1980) deposit. Mean 
grain size varied predictably with distance from the vent 
(Fig. 3); bimodal GSDs were observed on proximal sites 
and unimodal GSDs in distal locations, as expected (Figs. 4 
and 5; Supp. Figure 1). The primary (coarse) peak in the 
Fig. 3  Mean grain size by distance from vent. The red points are 
measurements of the fresh (1980) tephra deposit made by Durant 
et al. (2009) and averaged along five transects running perpendicular 
to the main plume axis (refer to Fig.  1 for the location of transects 
I–III). The blue points are our recent measurements of the tephra 
layer. The black point labelled ‘C&S’ is an average value from sites 
27  km from MSH (Carey and Sigurdsson 1982: statistical error not 
specified). The dotted line is an exponential decay curve fitted to 
Durant et al.’s (2009) fresh values, for reference. Standard deviation 
values for the recent (blue) measurements are small (Supplementary 
Table 2). The error bars on the red points show 1 SD from the mean 
(N varies) and represent the variation in grain size across the fresh 
tephra deposit (i.e. over distances of 10 s of km)
Fig. 4  Cumulative frequency plots of grain size for a proximal 
sites (approx. 40 km from MSH) and b distal sites (~ 300 km). Our 
measurements of the tephra layer are weighted averages (N = 7 and 
6, respectively) and are shown in red. Representative measurements 
from the fresh deposit ( taken from Carey and Sigurdsson’s (1982) 
average GSD at 27 km from the vent and Durant et al.’s (2009) distal 
location Davis-11, at 311 km) are shown in blue, for comparison. The 
peak identified in Eychenne et al.’s (2015) proximal GSDs is shown 
for reference in panel a
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proximal tephra layer was less pronounced than the fresh 
deposit (Fig. 5), but this was probably because our sites 
were ~ 15 km further from the vent than Carey and Sigur-
dsson’s (1982). A transition from bimodal (south) to uni-
modal (north) distributions was not observed in our proximal 
locations, probably because our transect was much shorter 
than transects I and II established in 1980 (we only sampled 
the axial part of the plume, not the margins). However, a 
north–south gradient in grain size, consistent with the pat-
tern observed by Eychenne et al. (2015), was apparent on 
our proximal sites (Supp. Figure 2). This trend—induced by 
the complex eruptive sequence and cross winds during the 
eruption—also accounted for the variability in mean grain 
size observed on the proximal sites.
Our findings are consistent with a survey of tephra layer 
thickness we conducted in 2015 (Cutler et al. 2018). This 
study indicated good preservation of the MSH1980 deposit. 
We attribute this preservation to factors that inhibited the 
remobilisation of the freshly deposited tephra (particularly 
the finer fractions). In the proximal sites, which are char-
acterised by closed coniferous forest, it is likely that dense 
vegetation cover limited near-surface wind speeds and inter-
cepted rainfall. High primary productivity led to rapid burial 
by organic litter (e.g. pine needles). These conditions are 
likely to exist in other temperate forests (Cutler et al. 2016, 
2018). The distal sites are drier and windier and primary 
productivity is much lower, conditions that should facilitate 
mobilisation. However, rainfall shortly after the eruption, 
followed by rapid drying, led to the formation of a crust 
on tephra. This crust was reinforced by rapid colonisation 
of green algae, initiating biocrust formation and stabilising 
the tephra (Rayburn et al. 1984). In principle, this process 
could occur in other arid areas normally thought unsuitable 
for tephra preservation. However, biocrust formation may 
require fortuitous post-eruption rainfall and a minimum level 
of humidity. Further observations of biocrust formation on 
tephra substrates are required.
The overall fineness of the distal deposit may also have 
contributed to similarities between the fresh deposit and 
tephra layer. Recent research indicates that fine tephra frac-
tions (> ~ 4 Φ) have cohesive properties that resist remobi-
lisation by wind, particularly in the presence of moisture 
(Del Bello et al. 2021; Dominguez et al. 2020). Conversely, 
coarser particles are readily mobilised by wind. For two 
tephra deposits where aeolian remobilisation was measured 
under field conditions, del Bello et al. (2021) found that the 
greatest loss of material occurred in the 100–500 µm (1–3.5 
Φ) size range.
The close correspondence between GSDs in the fresh 
deposit and tephra layer may also be due to the relatively 
short period of time that has elapsed since the erup-
tion (35 years at the time of sampling). In the future, soil 
Fig. 5  A comparison of GSDs 
from the fresh MSH1980 
deposit (panels a and c, shown 
in blue on the left hand side) 
and averaged GSDs of the 
tephra layer from compara-
ble locations measured in 
2015 (panels b and d, shown 
in red on the right hand side). 
Proximal locations are on the 
top row, distal locations on the 
bottom. Panel a is from Carey 
and Sigurdsson (1982); panel c 
is after Durant et al. (2009)
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processes such as eluviation or bioturbation by burrowing 
animals may lead to alteration of the tephra layers and the 
loss of fine grains to other soil horizons (either above or 
below the current layer). Our field observations suggest that 
disruption of tephra layers by burrowing and grazing mam-
mals is common in Washington State; churning of the tephra 
layer by soil invertebrates was not observed. However, to our 
knowledge, the physical transformation of tephra layers by 
soil invertebrates has not been studied before and is poorly 
understood.
Whilst the overall properties of the tephra layer were 
similar to the fresh deposit, there were differences in detail, 
notably the apparent coarsening of both the proximal and 
distal deposits. We attribute these differences to post-dep-
ositional transformation of the deposit. We suspect that the 
main alterations are due to the loss of fine material, i.e. win-
nowing. However, it is likely that other transformations have 
also occurred, e.g. a translocation of coarser material from 
the tephra layer to the overlying biocrust or the physical dis-
ruption of larger grains (or aggregations of smaller grains) 
by freeze–thaw action and/or trampling. There may also 
have been small systematic differences between the LDPSA 
devices used in the original studies and our analyses. For 
example, we note that the LDPSA device that we used relies 
on the Fraunhofer scattering model, whereas the Mastersizer 
uses a Mie model. These differences may account for some 
of the negative skew in our distal GSDs.
Our study did not explicitly consider the impact of stra-
tigraphy on preservation: following earlier researchers, we 
treated the tephra layer as a single unit. We do not believe 
that the stratigraphy of the MSH1980 deposit impacted on 
preservation, as the stratigraphy recorded in 1980 was still 
present in our proximal samples. However, in principle 
tephra deposits with higher fractions of fine material may 
be more vulnerable to changes in GSD, particularly where 
upper horizons are finest.
Conclusions
The GSDs of samples from the MSH1980 tephra layer were 
very similar to those in the fresh deposit. Where a tephra 
layer has formed, it seems to faithfully represent the deposit 
from which it originated, most likely due to an environment 
that limited losses of fine material. If no contemporary 
observations of the MSH1980 eruption existed, it is likely 
that researchers attempting to infer plume dynamics from the 
tephra layer would reach similar conclusions to Durant et al. 
(2009) and Eychenne et al. (2015). However, the MSH1980 
layer is relatively young and seems to have benefitted from 
fortuitous taphonomic circumstances. The extent to which 
the characteristics of the tephra layer will change over longer 
periods remains uncertain. In general terms, most change 
is likely to occur before burial, and certain processes, e.g. 
biocrust formation, could ‘lock in’ tephra layer characteris-
tics at an early stage. However, it is quite possible that tephra 
layers undergo continued change, perhaps at a decreasing 
rate (Fig. 6) (Dominguez et al. 2020). Early changes (ero-
sion, sorting, physical weathering) could be followed by 
bioturbation (both at the surface and in the soil profile) and 
hydrological and geochemical alteration. These processes 
matter because temporal changes in tephra layer character-
istics have implications for volcanological reconstruction. 
If, for example, fine fractions are lost before, during and 
after burial, then inferences of eruption volume and dynam-
ics may become increasingly unreliable with tephra layer 
age. This is a challenging process to investigate but could 
be addressed with experiments in which tephra is applied to 
plots and key parameters (e.g. layer thickness and GSD) are 
repeatedly measured over an extended period (years).
Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00445- 021- 01469-w.
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